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U. Nuclear era

® Worldwide nuclear reactor facilities and nuclear weapon arsenal

@ Require close monitoring and safeguard
® Nonproliferation goals of transparency, cooperation and peaceful use
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U- Monitoring and safeguard - Objectives

® (Remotely) detect change in operational status of reactor
@ Observe change of fuel composition after refueling
® Make precision measurement of fuel spectra

— neutrinos can do the job

Uncontainable, unaffected by test conditions, specific to fission




ljv Monitoring and safeguard - Requirements

® Suitable neutrino detectors that
meet our demands

Above ground

Movable

Low price

Spectrally resolving

Precision measurement

High efficiency

Robust

Inert construction

Easy operation

Remote monitoring

® When possible, access to nuclear facility

® Engagement with reactor monitoring authorities and operators
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U- SolLid Phase 1 detector

@® In movable shipping container (2,4 x 2,6 x 3,8 m3)

Non flammable, solid scintillator technology

@ High segmentation gives good position
and energy resolution

® Above ground operation

Easy, remote monitoring

@ Shielded by

@® Cadmium sheets
@® Water walls (50cm x 3,4m, 28t)
@ Polyethylene ceiling (50cm, 6t)

® Automated calibration system for
absolute efficiency and energy scale
calibration at % level

- Full Geant4 simulation
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U- Science motivation
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U.SoLid Sensitivity to Sterile State

Pee ~ 1 —sin2(20,4)sin (1.267Am; 42 L[m]/E[MeV] )

@ Oscillation dictated by properties @ Oscillation apparent over distance
of sterile neutrino and energy
@ Best fit gives Am?~ 1.73 eV? and @ Coverage in L/E requires a good position -
sin?(26) ~ 0.1 and energy resolution
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U- Reactor spectrum distortions
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@ Energy spectrum distortions observed by S o[ tteeveemeengtemmrmit e 0]

long baseline reactor experiments using =—0.1F 3
common fuels (*3°U, 238U, 23°Pu, 241Pu) a 1 2 3 4 5 6 7 8

Prompt Energy (MeV)
[RENO, arXiv:1511.05849)
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® Demands new measurement close by ST
. . H+++*

compact reactor core with simple fuel L o ++ -
composition 0.8 HH

@ Reactor site poses safety -and security ¥ |

implications Visibe Energy MeV)
[Double Chooz, arXiv:1406.7763]
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U- BR2 nuclear site

Pure fuel of 93.5% 23°U @® Atground level

Compact research reactor
@ 50 cm and heigth 90 cm
Thermal power 50-80 MW

Duty cycle 150 days/year
(~1month cycles)
Solid at baseline 6-9 m

Experimental access ports on axis
with reactor core

Overburden 10 m.w.e.
Muon rate O(250Hz)
Cosmogenic neutrons

Natural radioactivity




U- SolLid and the SCK-CEN

@ SCK-CEN has long history of positive

proliferation S L
2l I" | -
@ Production of medical isotopes . ﬁ’
@ Research of radioactive waste disposal “'

@ Construction of multipurpose reactor for
high tech application (MYRRHA)
@ Close cooperation

@ Acces to high security area in confinement
building, close to BR2 reactor core (under
Euratom safeguard)

@ Solid researchers employed by SCK-CEN




u Reactor simulation antineutrino spectrum

twisted
hyperboloid
fuel bundle

@ Share experiences

@ BR2:very complex geometry, take advantage of
simulation work performed by SCK-CEN and
comparison with reactor measurements

@ Strong expertise on reactor/antineutrino spectrum
calculations @SUBATECH since Double Chooz

S. Kalcheva et al, Mathematics & Computational Methods Applied to
Nuclear Science & Engineering Conference, Korea, 2017

235 enrichment
93 wt%

. BR2 MCNPX simulation
L. Giot et al., European Research Reactor conference, Bucharest, 2015

M. Fallot et al., PRL 109, 202504 (2012) & Z. Issoufou et al., PRL 115, 102503 (2015) 100r=

Entries  3.421484e+
Mean 2.2
RMS 13

600

@ Conversion and Summation Method are foreseen

@ Antineutrino spectrum for cycle 01-2015 (SM1 data
taking), ex: summation method =>

500

400
@ Calculation of systematic errors associated with the
emitted antineutrino spectrum and production

phase for the 2018 cycles
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Antineutrinos emitted /second

0.02 days




U- Overview

e The nuclear era

e The SolLid neutrino detector @ the BR2 reactor
e Detector specifications

e Detector construction and operation

e Data taking

SoLLio0 ...osN



JINST 12 (2017) no.04, P04024
": JINST 13 (2018) no.05, PO5005

U. SolLid Phase 1 detector

5cm cubes give resolution on 3D topological
information

16x16 cubes stacked in planes
Planes grouped per 10 in 5 modules,

Modules installed on movable rail system

1.6t fiducial mass

full plane
length = 1066.4
height = 1016.4
width = 51.5

(16x16)
+fibers (32+32) Phasel module = 10 full planes

SolL.i0
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LiF:ZnS layers
49.2 x 49.2 x 0.25
(+ 0.25 backing)

s 75 :< 5 grooves
for fibers

49.8 x 49.6 x 49.3

Tyvek coating wrapping
the PVT cube + LiF:ZnS layers
0.3 thick




U-SoLid detection principle

@ Reactor neutrinos detected through inverse
beta decay (IBD) in the composite scintillator
elements

Ve +p > et + n (Ez >18MeV)

@® Prompt positron signal
@ Positron energy contained in PVT cube
@ Allows localisation of interaction
@ Gives the anti-neutrino’s energy

@® Delayed neutron signal

@ Neutron captured in 6LiF:ZnS close to
interaction

@ n + °Li — °H 4+ a  + 478 MeV

PVT

ZnS

Amplitude

time
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U- SolLid signal

® Example of prompt and delayed coincidence from first
reactor cycle in december 2017

Time (us) ==
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@ Rates of detection signal and background

Signal Detector Interaction Rate
Dark Count (5iPM) 100 GHz
Reactor ~ 100 kHz
Cosmic Muons 100 Hz
Neutron 10 Hz
IBD 0.01 Hz
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U- Trigger scheme

Neutron Trigger Optimisation

® Total data rate of ~3 Tb/s 0815~
@ Triggers and sophisticated online data g 0.7
reduction to handle data rate .
® Counting peaks over threshold in local PP
s efau
timewindow E B QA Campaign
Z 944 " > 0.5 PA peaks, 1.5 OV
® PSD algorithm developed for neutron signals o o 13 pA e 18 o \
~8O% efﬁcient 0.39 -&- > 1.5PApeaks, 1.8 OV A
0?2 014 0?6 0?8 liO
Trigger Purity - Physics Mode
Readout —500us Readout +200us
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U- SolLid signal identification

Prototype results

@ Large buffer around neutron delayed sof | AmBe datg B 14650 ] o L s 146510
signal (700us and 7 planes) to collect oy Pe] S o M3 — B0
prompt Signal 3000 , (7);'2 [ | AmBe test data

£ F . 4 T Solid Preliminary
.5'32500 3 ,5:'3 500 |1
@ Positron (EM) and neutron signals 2000 f a0 fi oy,
. .. 1500 |- . 300 [ .
discriminated based on pulse shape oo | ] wf | n
(peaks over threshold) i EM T oE L aseiiditing,
o - R L I W T
@ IBD signal identified by
® At= tdelayed - tprompt H i
® Ar= | Fdelayed ~ rpromptl |
@® Prompt energy . | 0x Reduction
® Othersinclude mu|t|p||c|ty’ %10-1 S Tt Rt SUE RS S OO RRROOUOE NERUURRRSRE. SSUSSO
directionality and fiducial layer %
@
o : :

@ Simple cut based analysis shows 3 Sonal o r . 100x Reduction

significat reduction in backgrounds &% B, (data) : |
102 H®® Baccreacor (daMA) L
-0 BAcc.Enwonmental (data)
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U-Plane construction and qualification

® ~13 000 cubes manually washed,
weighted, wrapped, stacked,...

® Planes, electronics and software
gualified before installation with
automated calibration robot




U- Optical performance

Z 60»_ I I 1 1 l I | I I l 1 1 | I I I I 1 I | | I I I
A F Linear Fit SoLid Preliminary
. . E(0) =0.05£0.19 PA
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U- Automated calibration

Automated calibration robot in situ (CROSS)
Sits above detector planes

Mechanically opens gap between
sets of ten planes

Source free to move in gap
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U- Calibration results at BR2 reactor

5 80[
® Homogeneous response achieved with highly & 70[- 1
segmented detector 5 sol: |
@® Light yield of >70 pA/MeV £ 5ol
% 4 — 10
@ Clear neutron identification after neutron trigger 2 aoff :
[0}
w
@® Homogenous neutron reconstruction efficiency during 30
commissioning of > 75% 20fk :
@ Linear energy response confirmed with first gamma 10N T
sources. More sources available NS T I
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120 A
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U- Muon reconstruction

xz plane (Top)

16
® Constant corrected muon rate . .
® Muon tracks used for calibration 8 14000

12000

10000
0 10 20 30 40 50
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U- Physics data taking

@® Highly stable data taking since february, for both reactor on and off

@ Physics variables available online for monitoring

Detector Rates

__ 5000 250
’f Reactor On §
@ 4000 4 i _. - 200 “ﬁ:
u"’r? vﬁ‘ﬁ":r"p x"’"‘""f‘"—“""-‘-“q-.\—'*.‘-‘«_.*.--.-'a'a:-.;a;a-f-'m:-.‘fw.* ) 'ﬂ}”{‘-‘:a-:v'a X """m;.,_,;ﬂ-,-' ""r:-‘.u-.-..u-a.mw~a.-*f‘r:-:a-m.u,.—.r‘n,-.,f,.s*.H-'-"»._—'*«'f-v‘a‘l‘?“-i;*"'*-;e*.w.s‘f.»c.: E
& 3000 4 - 150 «
3 3
2 S
= 2000 pa—=i —d s -— — 100 =
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2 £
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E =
O T T T T T T T O
13/06 20/06 27/06 04/07 11/07 18/07 25/07 01/08
Date (2018)
SiPM Stability
1.5 33
_ Reactor On
E 1.0 - .
w 054 . . E
2 00 _W%V\/\MMM - 31 =
o W"‘“’“ T
2 -05- &
@ -30 &
w L
Ly
3 -1.0-
- 1 5 T T T T T T T 29
13/06 20/06 27/06 04/07 11/07 18/07 25/07 01/08
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U- Shift system and remote monitoring

@ Solid Data Quality Management (SDQM) is automated by the the Solid
Message System (SMS)

@ Automatic updates of monitoring variables are sent regularly

@ Alerts are prompted to contact persons when stable data taking is
obstructed

Current detector status:

SoLid Message System (SMS)

Readout push notifications (live CET); Current Shifter

This is the current shifter who will get updates and warnings through SMS (Default is the run coordinator)

giel.vandierendonck@gmail.com Log Out

shifter@gmail.com

Fill in the email adress of the new shifter (current shifter will be logged out)

Log In
SolLid Message System Controls

Logbook Update

Send Test Mail

This switch controls SMS. When tumned off, LV1 and LV2 alerts will not be send out automatically.
This should always be ON, unless there is a very good reason

;

Home

Shift Instructions
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Uv IBD like rates

Rate (/day)

Preliminary rate monitoring, based on
Timing, Topology, Muon veto, Energy selection

Significantly higher IBD-like rate during reactor ON
Very low accidental rate
Behaviour
@ Spatially confined
@ Time difference consistent
with thermalised neutron capture
5000 Prompt - Delayed Coincidence Rates, Cycle 2 2018
i ¢ All Coincidences
1750-+++++++’¢++++= Accidentals
1500 - + ¢ ¢
i Pty
1250 A
1000 515
750 4 E I%
gi8
500 A i
250 A
85/08 05}11 05}14 05}17 05;20 I05:’23 05}26 05}29

Date

N Excess per day per bin

N Excess per day per bin

200 | Bacc, 0n - Bace, off
$ Reactor On - Off
150 4
100 4
’ ]
50 A {
0 -
2 4 6 8
Ar (cubes)
200 e BAcc. Reactor
$ Reactor On - Off
150 +
100 1
50 -
—’—‘—-.J:!—— —————————————————————
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U- Physics Goal

o >
@ Target sensitivity )
10
® CEnergy resolution —=— = 14%

2
41
T TTT]

JE (MeV)
@® IBD efficiency 30%

@® Signal-to-Background 3:1

Am

ce ~ 1 — sin2(2014)sin (1.267Am12L[m]/E[MeV] ) 1

1.05— sin’(26,.)=0.09, Am>2=1.78 eV
ee 41
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* Global best fit
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0.85
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0.8
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|~ Conclusion

SolLid constructed and deployed sucefully new detector technology

1.6 ton detector (Phasel) commissioned end of 2017

Container design well suited for rapid deployment

Performance validated with calibration & commissioning data—-better than expected
Operation is smooth, remote shifts simplified to the minimum

Automatic calibration with source provides precision data for sterile search and
spectrum measurement.

Solid is taking good quality physics data and observes IBD-like events
Analyis is being developed

Detector technology applicable for non proliferation purposes like non intrusive
reactor monitoring,
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U- Thank you for your attention

The SoLid Collaboration
Universiteit 4 countries 12 institutes ~50 people
& Antwerpen ‘@!_ i =7 University of

BB BRISTOL
VRIJE -
WG S P27

N

Imperial College
London

i

UNIVERSITEIT ,wmﬂ,é 155 UNIVERSITY OF

GENT CrNEATRE ,1\- Y OXFORD
b )

& VirginiaTech

Invent the Future

V& |
SoLi0

SIS

May 2017
-Beloi



